Costimulatory molecules of the CD28 family on T lymphocytes integrate cues from innate immune system sensors and modulate activation responses in conventional CD4
+ T cells (Tconv) and their FoxP3 + regulatory counterparts (Treg). To better understand how costimulatory and coinhibitory signals might be integrated, we profiled the changes in gene expression elicited in the hours and days after engagement of Treg and Tconv by anti-CD3 and either anti-CD28, -CTLA4, -ICOS, -PD1, -BLA, or -CD80. In Tconv, a shared "main response" was induced by CD28, ICOS, and, surprisingly, BTLA and CD80, with very limited CD28-specific (primarily Il2) or ICOS-specific elements (including Th1 and Th2 but not the follicular T signature). CTLA4 and PD1 had a very subtle impact in this system, similarly inhibiting the response to anti-CD3. Treg responded to the same costimulatory hierarchy and to the same extent as Tconv, but inducing different clusters of genes. In this reductionist system, costimulatory or coinhibitory engagement mainly elicits generic responses, suggesting that the variability of their effects in vivo result from temporal or anatomical differences in their engagement, rather than from inherently different wiring.
expression profiling | immunoregulation | lymphocyte differentiation C ostimulatory molecules of the CD28 family play a crucial role in the genesis of an effective and controlled response in T lymphocytes, complementing and modulating the interaction of TCR with MHC-peptide complex. They have attracted great interest because of their profound influence, and because they offer the possibility to therapeutically tune or deviate lymphocyte activation in autoimmune and tumor contexts (1, 2) . Five molecules of the CD28 family are expressed at different stages of differentiation of T lymphocytes: CD28, CTLA4, ICOS, PD1, BTLA (3); in addition, CD80, the ligand for CD28 and CTLA4 normally present on APCs, is also expressed on T cells (4) , as is PDL1. The surface expression of CD28 family molecules changes dynamically during the course of T-cell activation and effector cell differentiation, serving as feedback control on activation. In current views of costimulation, each of these molecules has a different personality:
CD28 is considered the primary costimulatory molecule (hereafter "costim" for short), through its interactions with CD80 and CD86 on APCs, complement TCR-mediated signals and promote T-cell activation, proliferation and survival. Initial activation of naïve T cells requires CD28 signal to enhance the signal derived by TCR and the production of IL2 (5) for the robust expansion of antigen-specific T cells. CD28 signaling is thought to proceed via the PI3K/Akt/mTOR pathway, hence activating the cell's energetic and anabolic metabolism (6, 7) .
CTLA4 also interacts with CD80 and CD86, but has an inhibitory effect, as evidenced by the extreme phenotype of CTLA4-deficient mice. The mechanism through which CTLA4 delivers coinhibitory signals is still debated, and several non-mutually-exclusive mechanisms have been proposed (7, 8) . It may interfere with TCR or CD28 downstream signaling pathways, for instance by activating SHP2 and PP2A phosphatases, perturb the supramolecular organization of TCR-CD28 in microclusters, outcompete CD28 for CD80/86 ligands for which it has intrinsically higher affinity, or strip CD80/86 from APCs through transendocytosis. Adding complexity, CTLA4 affects both Treg and Tconv cells, which may balance each other. PD1, which binds PDL1 and PDL2, also behaves as an inhibitory molecule. Like CTLA4, it is induced upon T-cell activation (also in B and myeloid cells). Its inhibitory pathways have been proposed to be different from those of CTLA4 (9) .
ICOS, through specific interaction with ICOSL, has more nuanced effects. Unlike CD28, ICOS does not impact Grb2 and NF-κB signaling, but it does activate the PI3k-Akt pathway and can deliver positive costimulatory signals. More specifically, ICOS promotes T-cell differentiation toward B-cell help, favoring expression of IL4 and the T "follicular helper" phenotype (10) .
BTLA is expressed on activated T cells, especially Th1 cells (11) . It is unusual in that its known ligand, HVEM, belongs not to the B7 but to the TNFR-family member (and itself engages in complex interactions with several ligands). BTLA is generally viewed as a coinhibitory molecule, in connection with the intracytoplasmic ITIM motif it shares with CTLA4 and PD1, which can recruit inhibitory SHP1/2. On the other hand, BTLA interacts and activates Grb2 and PI3K (12) , indicating it may also have prosurvival activity (13) .
An additional twist to this complexity came from the demonstration that CD80, the canonical costimulatory ligand expressed by antigen-presenting cells (APC), is also expressed in T cells, binding PD-L1 on APCs and stromal cells, delivering inhibitory signals and contributing to immune tolerance (14) .
CD28 family molecules are also expressed on FoxP3 + Treg cells, key regulators of lymphoid homeostasis. CTLA4, ICOS, and PD1 are overexpressed on Tregs relative to conventional CD4 + T cells. CD28 and CTLA4 control Treg differentiation and homeostasis, and there is strong evidence that CTLA4 and PD1 are important players in Treg function (15) . It is not clear, however, whether the function of costims on Tregs is merely a facet of their usual activity in Tconv, or whether they trigger distinct signals in Tregs.
It is reasonable to assume that these diverse influences should have distinct footprints in the T-cell transcriptome. Application of microarray profiling indicated that engagement of CD28 amplified the response elicited by CD3 alone (16, 17) , that CD28 and ICOS induced comparable alterations in the transcriptome of Jurkat and primary CD4 + T cells, CTLA4 engagement blocking some of those changes. In another study, PD1 engagement blocked CD3/CD28-induced changes, as did CTLA4, but somewhat differently (18) .
We revisit here these transcriptional analyses. We tested the transcriptional consequences in CD4 + Treg and Tconv cells of engaging every costim of the CD28 family (CD28, CTLA4, PD1, ICOS, BTLA and CD80), focusing on the initial events; this timeframe should better reflect direct signaling events than the integrated response that unfolds after a few days. Many of the costims generically elicited a positive amplification of a large fraction [but not all] of the response induced by TCR engagement, even for costims usually thought to be inhibitory like BTLA and CD80. The existence of direct but subtle inhibition by both CTLA4 and PD1 engagement was confirmed, and unique effects of ICOS engagement highlighted. Overall, the response differed markedly in Treg and Tconv cells.
Results

Our strategy was willfully reductionist. CD4
+ T cells purified by magnetic negative selection were stimulated in vitro, to avoid indirect effects on APCs and other in vivo confounders. To analyze responses under identical conditions, we did not prefractionate Treg and Tconv cells but purified them at the end of the culture period, accepting the caveat that some of the late results may reflect in part the indirect influence of the other cell-type. Cognizant that affinities of specific antibodies differ from those of natural costim ligands, we nevertheless opted to use monoclonal antibodies (mAbs) immobilized on beads ("artificial APCs") to observe pure effects of costim signaling, not confounded by multiply-reactive ligands. The amounts of anti-CD3 and anti-CD28 mAbs used for conjugation were picked as subsaturating in preliminary experiments (Fig. S1 ), a higher dose being used for mAbs to other costims.
We assessed the ability of these sets of artificial APCs, carrying anti-CD3 alone or together with anti-costim mAbs, to activate T cells to a full proliferative response. As expected, anti-CD3 alone elicited little proliferation, anti-CD28 was the most effective costimulator for both Tconv and Treg cells (Fig. 1) . Only anti-ICOS had a significant costimulatory effect, and this only in Treg cells. In contrast, anti-CTLA4, -PD1, -BTLA, and -CD80 all seemed to have inhibitory activity relative to anti-CD3 alone, most clearly for Treg cells.
Overall Comparison of Costimulatory Molecules' Footprints. Gene expression profiles were then generated in three independent experiments (the experiments were highly concordant overall, and for simplicity the mean of all replicates are used). Cells were harvested after 1, 4, 20, and 48 h of stimulation; the 1-and 4-h lysates were pooled before RNA purification and profiling ("Early" pool), as were the 20-and 48-h samples ("Late"). The former encompassed immediate-early and early changes, the latter events in the amplified response (for Treg cells, only the 20-h sample was used because significant cell death occurred after 1 d of culture). As a first step in the analysis, we simply counted how many transcripts changed by a fold change > 2 (corresponding to an FDR of 0.05 or better in most cases) in Tconv or Treg cells ( Table 1 ). The response to CD3 stimulation alone was truncated, greater at early than at late times, in both of Tconv and Treg. In contrast, engagement of activating costim expanded the response over time. Only apparent for CD28 and ICOS at early times (ICOS strongest), the response became much more prominent later for CD28, ICOS, and to a lesser extent BTLA and CD80. CTLA4 and PD1 seemed to have no effect, at least with this simple metric (see below).
A general perspective of the results is presented in Fig. 2A , which displays changes effected by each costim relative to anti-CD3 alone (for genes affected in either Treg or Tconv cells; all changes listed in Datasets S1 and S2). Several conclusions are already apparent here: First, there is a shared "costimulation cluster" in Tconv, affected by both CD28 and ICOS and more weakly by BTLA and CD80. The relative impact of CD28 and ICOS is subtly different, however. As expected from Table 1 , ICOS is more active early, whereas CD28 dominates at late times. Second, CTLA4 and PD1 again appear inert in this representation, reflected as quasiuniform black streaks. Third, the response in Tregs partially overlaps that of Tconv, particularly at early times, but also contains many distinct elements (examined below, we first focus on the Tconv response).
The fold change/fold change plots of Fig. 2B present a more direct comparison of the effects in Tconv cells of CD28 vs. all other costims. Here, it becomes clear, unexpectedly with regards to prior literature, that BTLA and CD80 essentially behave as weaker surrogates of CD28, as indicated by the high degree of correlation with CD28's effects, at both early and late times; the off-diagonal placement of the gene clouds indicates that their impact is weaker, in accord with the heatmap (Fig. 2A ). This CD28-like effect is also true for ICOS, with perhaps more distinctions relative to CD28 (see below). Here again, CTLA4 and PD1 seem to have little or no impact on the transcripts costimulated by CD28.
Comparative Analysis of CD28 and ICOS. In earlier studies of human T cells using printed arrays, Riley et al. (17) reported similar effects of ICOS and CD28, with only a few differently affected genes such as IL2 and IL9. Consistent with these observations, we found the effects of ICOS engagement to be comparable to those of CD28, the off-diagonal placement denoting a stronger effect of CD28. However, a number of transcripts responded differently, as particularly marked in the late stages ( Fig. 3A ; Fig.  S2 for early time). Both sets included cell cycle and proliferation genes, but anti-ICOS preferentially enhanced transcripts associated with T-cell differentiation, including Th1-type transcripts such as Eomes and Ifng but also Th2-type molecules such as Gata3 and Ccr8 (but not Il4). On the other hand, genes that stood out as preferentially or uniquely activated by CD28 included factors more generically involved in T-cell proliferation and survival such as Il2 (as noted in ref. 17) , the apoptosis/survival controllers Bnip3 or Anxa2, or metabolism control factors such as Hk2 or Ak3. Indeed, the lasting induction of Il2 was unique to CD28 (Table S1) .
Studies in knockout mice have shown that ICOS is required for optimal production of differentiated cytokines of the Th2 and Th1 types, and plays a key role in the differentiation of follicular T cells in which it is overexpressed (10). To investigate this point at the genomic level, we highlighted transcripts characteristic of the differentiated Th signatures onto the CD28/ICOS comparison plot (Fig. 3B ). Th1 and Th2 signature genes were clearly enhanced by costimulation relative to anti-CD3 alone: Overexpressed genes in these signatures (red) were induced, suppressed genes (green) were down-regulated. For the most part, CD28 and ICOS seemed equivalent in this respect. On the other hand, transcripts typical 
CD3
+ cells. *P < 0.05; **P < 0.005 from anti-CD3 alone. of Th17 and "follicular Th" were not influenced by either costim, perhaps contrary to expectation.
Thus, engagement of positively acting costims thus impacts, in both shared and specific manner, on the transcriptional program of activated T cells.
Costim Effects on the CD3-Induced Response. The analyses above focused on the effects of costims in addition to anti-CD3 alone. We next investigated the effect of costim engagement on the changes induced by anti-CD3 alone, asking whether costims act as a generic amplifier (or dampener) of TCR signaling. In Fig. 4A , transcripts were ranked according to their repression or induction by anti-CD3, and the FoldChange [relative to unstimulated] resulting from the additional engagement of each costims was plotted for the most CD3-responsive genes (blue dots). As expected, CD28 and ICOS superactivated many of these TCR-induced genes (as did, to a lesser extent, BTLA and CD80), but the effect was clearly not uniform; indeed, some CD3-induced genes were largely unaffected by additional costim signals, as more clearly visualized in Fig. 4B and Fig. S3 . For instance, the induction of CD25 (Il2ra), 4.1BB (Tnfrsf9), or Irf4 was not further accentuated by CD28 costimulation (a similar pattern was observed with ICOS, right).
Although CTLA4 and PD1 seemed largely inert in the comparisons described above, subtle but significant effects were detected here: The response of aCD3-activated genes was dampened by engagement of CTLA4 and PD1 (Fig. 4A) , indicated by a displacement of the blue relative to the black dots, which was particularly clear for the early response. These effects were quantitated by computing the ratio of fold changes (Fig. 4C, legend) , with significance estimated by a one-sample t test. Significant effects were strongly shared between CTLA4 and PD1 at early times (Fig. 4C  Left) and more divergent at later times. Thus, CTLA4 had a direct dampening effect on the earliest consequences of TCR-mediated activation and PD1 did essentially the same. Table 1 and Fig. 2A indicated some degree of sharing, but also distinct divergence. To directly address this question, we first compared the effects of CD28, which were the most robust. The displays of Fig. 5A compares the changes elicited by CD3+CD28 triggering relative to CD3 alone, in Tconv vs. Treg cells (x and y axes, respectively) at early and late times, and this for a set of genes selected as affected by any one of the costims. A clear demarcation was observed. Some of the response was shared by both cell types at early times (e.g., Tbx21 or Lif, gray dots), in particular for transcripts repressed in both cell types (green dots). However, and particularly as the response progressed at later times, many of the genes induced by CD28 showed a preferential response, quantitative or absolute, in one or the other cell type (blue or red dots, respectively). For instance, Gpr83, Areg, Tnfrsf8 (CD30), or Nrp1 were only enhanced in Treg. Conversely, many genes associated with cell cycle progression were preferentially induced late in Tconv (Ccnb2, Top2a). There was no particular overlap between these differential responses and the canonical "Treg signature," genes that distinguish resting Treg and Tconv cells. Interestingly, the same differential activation in Treg and Tconv were largely reproduced by engagement of other positively acting costims, albeit in quantitatively different levels (ICOS, but also BTLA and CD80), as indicated by the placement of transcripts color-coded according to differential response to CD28 (Fig. 5B) , which independently corroborate these distinctions. Although one might have expected stronger effects in light of their overexpression and function in Tregs, the effects of CTLA4 and PD1 were weak or inexistent there. We asked whether Treg cells would show a specific response to ICOS, as shown above for Tconv cells (Fig. 3A) . Perhaps surprisingly, because ICOS is overexpressed in Tregs, ICOS-specific effects were fewer than earlier in Tconv (Fig. S4) , although the characteristic preferential induction of Eomes, Eno3 and Xcl1 was also seen in Tregs. 
Discussion
Two dominant conclusions come forth from these data, along with several more specific or subtle subtexts: First, the existence of a dominant costimulation response that is shared by all positive costimulators (CD28, ICOS, CD80, and BTLA), but not CTLA4 or PD1. Second, a generic response is also observed in Tregs, but which is quantitatively quite different. The subtexts include the unexpected direction of CD80 and BTLA's effects, that not all of the TCR-elicited response is susceptible to costimulation, and the subtle but significant inhibitory effects of direct CTLA4 and PD1 engagement.
At the onset, it is important to acknowledge the limitations of the present study. Using an in vitro activation system, activating cells with bead-bound mAbs without APCs, were motivated by the goal of measuring direct effects downstream of TCR and costim triggering to test basic differences in downstream wiring. Undoubtedly, using natural ligands of normal affinity and cross-reactivity, modulating responses with the interplay of several costimulatory effects in the context of a normal APC, and varying doses of triggering agents, would add additional layers of complexity to the responses. In addition, we could not perform dose-response studies (for obvious financial limitations) or use mAbs of graded affinity, such that conclusions concerning quantitative differences between effects of individual costims must be treated with some caution, potentially influenced by the affinity of the mAbs used.
Paradoxically, we observed effects from costims that are largely unrelated to their measurable levels at the cell surface. ICOS elicits a stronger early response in Tconv cells than CD28, where it is normally present at low levels and only induced secondarily; the subtle inhibitory effects of CTLA4 and PD1 are more marked at early times, even though these molecules are mainly expressed upon activation. This paradox may be related to the difficulty in evaluating the true "functional" presence of molecules on the cell surface, as opposed to the presence detectable by antibody staining and flow cytometry. With molecules that can have very rapid rates of endocytosis, such as the CD28 family, transient presence may be sufficient for activity.
There are several aspects to the "main response," shared by all four positive costimulatory molecules: the same sets of genes are induced or repressed, at different times after activation (Fig. 2) ; the differential response in Treg and Tconv is reproducible with all four. This overall sharing was already observed in the early samples (1 and 4 h), thus unlikely to stem from indirect effects. The implication is that all four have similar wiring of downstream signals, and/or that they similarly impact on the molecular dynamics of the TCR in the signaling synapse. CD28 is recruited to the immunological synapse soon after initiation of activation, where it recruits Lck and PKCθ, thus enhancing TCR signals. Such physical interactions may also apply to ICOS, BTLA and CD80. Importantly, there was a distinct split in the TCR-induced transcriptional activation: Although most of the response to CD3 was further enhanced, a distinct gene cluster was refractory to additional costimulation (Fig. 4B) . Might those TCR signals that result in induction of the Il2ra/Irf4 cluster be routed through a PKCθ independent pathway? ICOS is known to be able to provide basic costimulatory support, but also has a unique input in vivo for the development of biased effector functions in CD4 + T cells into IL17-producing cells or Bcl6 hi CXCR5
+ T follicular helpers (19) . Accordingly, in our analyses, ICOS was the only costim to have a signature clearly distinct from that of CD28, uniquely activating several transcripts and factors controlling differentiated effector functions (Ifng, Eomes, Gata3, Xcl1), albeit not with a marked skew on the corresponding signatures. IL21 was transiently induced in response to ICOS (Table S1 ). Thus, the full effect of ICOS may only be manifest when APCs or B cells are present to provide the natural ligand and/or to amplify the intrinsic signature of ICOS engagement.
We were surprised that BTLA4 and CD80, generally portrayed as coinhibitory molecules, actually activated the transcriptional main response. Both seemed to mimic CD28 very faithfully in all aspects, albeit at lower levels, with little or no specific effects as observed with ICOS. On the other hand, BTLA and CD80 did not activate proliferation in our assays (Fig. 1) , and would appear inhibitory in proliferation-dependent contexts. This surprising transcriptional costimulation is unlikely to be an artifact from nonspecific crosslinking, because it was not observed with either CTLA4 or PD1. It may indicate a physical effect on the synapse and TCR microclusters mentioned above, but is also is consistent with the demonstrated binding of Grb2 and Pi3K to a membrane-proximal phosphotyrosine in the intracytoplasmic domain of BTLA, and some prosurvival effects of BTLA (12, 13 ). Activation of Pi3K may then dominate inhibitory signals elicited through the ITIM domains which BTLA shares with CTLA4 and PD1. In some contexts, blockade of the HVEM-BTLA axis did not have all of the negative consequences expected (11) , and it may be that the coinhibitory classification of BTLA results from cross-competition, or coaggregation, with other HVEM ligands.
Many mechanisms have been proposed for the inhibitory actions of CTLA-4 and PD1, as presented above. Their dampening of the TCR response, in the minimalist experimental setting used here, were significant but very subtle. A difference from past studies in which stronger inhibitory effects were noted is that here they were tested alone, rather than in combination with CD28; hence, their major impact may be in dampening CD28's action. There is probably some direct inhibition of TCR signals by CTLA4 and PD1 (from interference within the synapse and/or activation of inhibitory phosphatases via their ITIM motifs), but also grounds to believe that much of their action must involve other players (e.g., competition for, or down-regulation, of B7 family ligands on APCs). Importantly, and perhaps unexpectedly, PD1 and CTLA4 behaved very similarly in our assays.
Finally, another surprise was that the hierarchy of effects were similar in Tconv and Treg cells. Because the latter express significantly more CTLA4 and PD1, one might have expected a stronger response. A sizeable fraction of the responses were similar in the two cell-types, such as Tbx21 or Ccr8. On the other hand, the responses that unfolded were very distinct (Fig.  5) . There is good evidence that TCR signaling pathways are activated in a quantitatively different manner in Treg cells, with lower recruitment of PKCθ (20) (21) (22) , which must lead to the impressive differences in transcriptional induction observed here.
In conclusion, our observations both simplify the understanding of costimulatory molecules in T cells by highlighting generic cellautonomous pathways, but also add additional complexity in several respects.
Materials and Methods
Mice. T cells were labeled with 10 μM CFSE (Molecular Probes) at 10 7 cells per mL RPMI1640 for 20 min at 37°C. After 66-h culture, proliferation was assessed by CFSE dilution.
Gene-Expression Analysis. RNA was amplified, labeled, and hybridized to Mouse Gene 1.0 ST arrays with the data generation and quality control pipeline of the Immunological Genome Project (www.immgen.org), in biological triplicates (duplicates only for ICOS and CD80). Raw data were background-corrected and normalized using the RMA algorithm (Affymetrix PowerTools), and analyzed with GenePattern, S + , and Ingenuity Pathway Analysis software. Data were filtered for unannotated probes, for genes with no expression in any condition (EV < 120), and for probes giving discordant data between replicates (interreplicate CV > 0.7). Datasets have been deposited at Gene Expression Omnibus. Anti -CD28 mAb (µg) Fig. S1 . Titration of anti-CD3 and -CD28 mAbs. Representative titration experiment to determine the quantity of bead-coupled antibodies. M450 beads were coupled with varying amounts of anti-CD3 and anti-CD28 mAb (supplemented with irrelevant IgG to a total amount of 2 μg for 10 7 beads), and used to stimulate CFSE-labeled CD4
+ splenocytes from B6 mice. Stimulation was evaluated after 60 h as dilution of CFSE label. 
Tconv Early
Fig. S2. Early differences between CD28 and ICOS engagement on Tconv. Fold change/fold change plot comparing the effect of CD28 (x axis) and ICOS (y axis) over CD3 engagement alone (similar to the plot shown in Fig. 3A , but at early times). 
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